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Sphingolipid metabolites have emerged as critical players in the regulation of various physiological processes. Ceramide
and sphingosine induce cell growth arrest and apoptosis, whereas sphingosine-1-phosphate (S1P) promotes cell
proliferation and survival.
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| 1. Sphingolipid Metabolism

Sphingolipid metabolism is a highly coordinated broad-spectrum cellular pathway, wherein several pathways are linked
together. The synthesis and degradation of bioactive sphingolipids are regulated by several enzymes having fluxes of
diverse metabolites . Aimost all the key enzymes of sphingolipid metabolic pathways have been identified which has
unveiled the complexity of these pathways and their distinct subcellular compartmentalization Bl An outline of the highly
coordinated sphingolipid metabolism connecting several pathways is represented in Figure 1. The bioactive lipid ceramide
occupies the central position in the sphingolipid metabolism hub and can be produced through diverse pathways via three
primary mechanisms ME&!. The first one is the de novo generation of ceramide that begins in the endoplasmic reticulum

(ER) with 3-ketosphinganine from palmitoyl-CoA and serine units the catalytic action of serine palmitoyltransferase (SPT).
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Figure 1. Sphingolipid metabolism and compartmentalization. Three significant mechanisms for ceramide generation are
illustrated. Ceramide is synthesized via s “de novo pathway” in the ER from where it is transported to the Golgi bodies
through CERT and serves as a substrate for the synthesis of complex glycosphingolipids (GLSL) and sphingomyelin (SM).
GLSL and SM are transported to the plasma membrane through vesicular transport. In another mechanism; ceramide can
be generated by the action of neutral or acidic SMases (“SMase pathway”) in the plasma membrane. Finally, in the
“salvage pathway”, ceramide is synthesized from sphingosine released from the lysosome by the catalytic action of
CERS. (SPT, Serine palmitoyltransferase; CERS, Ceramide synthase; CERK, Ceramide kinase; CPP, Ceramide-1-
phosphate phosphatase; SMS, Sphingomyelin synthase; SMase, Sphingomyelinase; ACER, ceramidase in Golgi bodies;
ASAH, ceramidase in lysosomes; SK, sphingosine kinase; SPP, Sphingosine-1-phosphate phosphatase; SPL, S1P lyase)
(Figure is adapted from reference &),

Ceramide synthase (CERS) catalyzes the acylation of dihydrosphingosine to form dihydroceramide which is converted to
ceramide by desaturase A& Thereafter, ceramide can follow multiple intracellular routes. Ceramide is transported to the
Golgi bodies by ceramide transport protein (CERT) where it is metabolically converted to sphingomyelin and various
complex sphingolipids B2, The transport of ceramide from ER to the site of sphingomyelin synthesis occurs via both
vesicular and non-vesicular pathways 191111,



In Golgi bodies, ceramide is converted to sphingomyelin, a vital component of the plasma membrane, by incorporating
phosphocholine head group by sphingomyelin synthases (SMS). Glycosylation of ceramide by glycosyl or galactosyl
CERS results in the formation of complex glycosphingolipids, an integral part of cell membranes and known to confer drug
resistance to cancerous cells 12231 Additionally, ceramide can be directly phosphorylated to form ceramide-1-phosphate
(C1P) by the catalytic activity of a specific ceramide kinase (CERK), which plays a crucial role in regulating cell
homeostasis as well as in mediating inflammatory responses. C1P is further transported to the plasma membrane or other
organelles for various biological signaling cascades by the C1P transfer protein. Conversely, ceramide can be generated
through the catabolic degradation of sphingomyelin via sphingomyelinase (SMase), another mechanism of ceramide
generation (4] Three distinct forms of mammalian SMase having different pH optima i.e., acidic, neutral, and alkaline, has
been identified 5. While neutral SMase is responsible for generating ceramide in Golgi bodies (nSMasel) and plasma
membrane (nSmase2). The acid SMase leads to ceramide synthesis from sphingomyelin in lysosomes (aSMase) 1811271,
In addition to that, the alkaline SMase is involved in the breakdown of dietary sphingomyelin in the intestine.

Finally, the third mechanism is the salvage pathway through which ceramide is generated from sphingosine by the action
of CERS. Ceramide can be metabolized back to bioactive lipid sphingosine by specific ceramidase (CDase or ACER in
Golgi bodies) and ASAH in lysosomes). Subsequently, sphingosine kinase (SphK or SK) catalyzes the phosphorylation of
sphingosine to form another potent signaling molecule, sphingosine-1-phosphate (S1P). The S1P can either be degraded
to ethanolamine phosphate and fatty aldehyde by lyase (SPL) or dephosphorylated to sphingosine by S1P phosphatase
and re-acylated back to ceramide [4IEIL8I[19][14]

Ceramide and S1P are among the key sphingolipids having special biological functions. They function oppositely, with
ceramide acting as a pro-apoptotic molecule controlling growth arrest and autophagy, whereas S1P functions as a pro-
survival molecule and regulates cell proliferation, survival, angiogenesis, and cell trafficking. The dynamic balance of
these two opposite-acting sphingolipids is referred to as the “sphingolipid-rheostat” regulating the cell's fate [22[211122]
Under normal physiological conditions, the balance of the sphingolipid rheostat is well maintained by the functional activity
of a key enzyme, SphK. The bending of this intricate balance towards sphingosine induces cell cycle arrest and apoptosis.
In contrast, the accumulation of S1P inside activates cell growth and proliferation pathways, often leading to pathological
conditions such as cancer and other inflammatory diseases. The notion that the “sphingolipid-rheostat” defines the cell
fate by controlling the levels of ceramide and S1P is further strengthened by the fact that inhibition of SphK leads to
decreased S1P, and enhanced ceramide, ensuring cell death.

One of the essential aspects of ceramide metabolism is the segregation of metabolic pools and bioactive metabolites
within the cells, which seems crucial for ceramide to function as a regulatory signaling molecule. Such
compartmentalization is facilitated by the distinct and well-defined subcellular localization of enzymes regulating ceramide
metabolism [Bl23124] Another key feature of ceramide metabolism is the translocation of ceramide from its synthesis i.e.,
the endoplasmic reticulum (ER) to the Golgi bodies, where it is transformed into sphingomyelin sphingosine and complex
glycosphingolipids. Ceramide is converted to sphingosine by the catalytic activity of ceramidase (CDase) in the nucleus,
plasma membrane, lysosomes, and mitochondria. Sphingosine is further converted to S1P by SphK1 in the cytoplasm
and plasma membrane for intracellular and extracellular signaling, respectively 121141251 The production of S1P in ER and
mitochondria is facilitated by the catalytic action of SphK2, where it is localized 2811271,

| 2. Sphingosine Kinase

SphK is a lipid kinase that catalyzes the ATP-dependent phosphorylation of sphingosine to S1P 28123l Two isoforms of
SphK—SphK1 and SphK2—have been characterized in humans that regulate various cellular processes BB They
catalyze the same biochemical reaction but differ in their substrate affinities, tissue distribution, and subcellular localization
(32 sphK1 resides in the cytoplasm under normal physiological conditions, but it is translocated to the plasma membrane
when activated. In contrast, SphK2 is present in the nucleus. Although the two isoenzymes are highly homologous, they
have been observed to perform distinct functions. SphK1 shows pro-survival effects, whereas studies point towards a pro-
apoptotic role of Sphk2 [231341(35],

2.1. SphK1 Activation and Functions

The function of SphK1 and subsequent intracellular levels of S1P is regulated by various mechanisms, including gene
transcription, translational regulation and posttranslational modifications B8I27I38] |y particular, the activity of SphK1 is
regulated by various agonists and stimuli that facilitate its phosphorylation and translocation to the plasma membrane,
where it synthesizes S1P from sphingosine (Figure 2). A range of external stimuli that induce phosphorylation of SphK1
includes transforming growth factor 3 (TGF-B), tumor necrosis factor a (TNF-a), pro-inflammatory cytokine, and various
growth factors via the activation of receptor tyrosine kinases, G-protein coupled receptors and toll-like receptors [E2[49][41],



TGF-B has been observed to induce SphK1 activity by upregulating its gene expression levels 421431441 ‘Noreover, TGF-B
exposure reduces the activity of S1P phosphatase, ultimately leading to a transient and rapid increase in S1P intracellular
levels (4211461 Another activator of SphK1 is TNFa that enhances SphK1 activity in the human umbilical vein endothelial cell
(HUVEC) 148l Other endogenous agonists include prolactin and 17p-estradiol, both upregulate the expression and
activity of SphK1 [22150]51],
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Figure 2. Functional roles of SphKs and S1P in cells. Upon ERK1/2 mediated phosphorylation/activation in the presence
of various agonist (such as TNFa, cytokines and diverse growth factors), SphK1 is translocated to plasma membrane from
cytoplasm and interact with calcium-myristoyl switch protein 1 (C1B1). This facilitates the phosphorylation of sphingosine
to generate S1P, which can either be secreted out or interacts with intracellular targets (such as TRAF2) to elicit its
functions. Once secreted out of the cell, S1P binds to the S1P receptor (S1PR) embedded in the plasma membrane and
activates various downstream signaling pathways that control cell survival, proliferation, and migration. In the nucleus,
SphK2 catalyzes the phosphorylation of sphingosine to generate S1P that inhibits the activity of histone deacetylases
(HDAC1/2) and regulates gene expression. S1P also binds to human telomerase reverse transcriptase (hTERT) at the
nuclear periphery in human and mouse fibroblasts that inhibits its interaction with makorin ring finger protein 1 (MKRN1)
and promotes telomerase stability. S1P is also produced in the mitochondria by the action of SphK2.

Numerous studies suggest that the molecular mechanisms of agonist-induced stimulation involve the direct
phosphorylation of SphK1l at Ser225 by ERKZ1/2 followed by conformational changes in the lipid kinase. This
phosphorylation is crucial for the increased SphK1 activity but is required to translate the enzyme from the cytoplasm to
the plasma membrane [ZAB3I52 ypon activation, SphK1 interacts with calcium-myristoyl switch protein 1 that further
facilitates the phosphorylation of sphingosine to S1P on the plasma membrane [531541[55],

Several lines of evidence have consolidated the notion that SphK1 promotes cell survival. The elevated intracellular
SphK1 levels appear to play an essential role in uncontrolled cell proliferation and metastasis in various cancer cell types
(201143][51[56(571[58] - A correlation between the expressions of SphK1 with short patient survival has also been observed.
Brocklyn et al. B2 have demonstrated that SphK1 expression is inversely correlated with patient survival in glioblastoma
multiforme. Multiple studies have illustrated that the targeted inhibition of SphK1 activity can be considered a potential
strategy to combat cancer LM4SI6AGLIEAES] | jkewise, the down-regulation of SphK1 via targeted inhibition induces
apoptosis and enhances the sensitivity of cancer cell lines towards chemo- and radiation therapy B4I55 Following these
reports, a study showed the enhanced apoptosis in cardiomyocytes that lacks SphK1 compared to wild-type control cells
under hypoxic conditions. In this case, monoganglioside (GM-1) administration improves the survival of wild-type adult
mouse cardiomyocytes subjected to hypoxic and glucose deprivation conditions; however, it showed no effect on SphK1-
null myocytes indicates that the activation of SphK1 by GM-1 in wild-type cells leads to cell survival (€8],

2.2. SphK2 Activation and Functions

As illustrated in Figure 2, SphK2 is primarily localized to the ER or associated with mitochondria 2433, |t also shuttles in
and out of the nucleus with the assistance of nuclear localization and nuclear exportation signals possessed by the
enzyme (671681 Earlier studies suggested apoptosis-promoting effects of SphK2 in contrast to the pro-survival action of
SphK1. The overexpression of SphK2 often enhances apoptosis and cell cycle arrest 23], The pro-apoptotic effects of this
isoform have been mediated via a putative BH3 motif that interacts with the pro-survival Bcl-2 family member, Bcl-xL 62
29 Moreover, the mitochondrial localization of SphK2 with subsequent S1P synthesis has been shown to confer the BID-
mediated activation of BAK that modulates the membrane potential with the consequential release cytochrome ¢ 2I[Z1(72]



It has been shown that S1P produced by SphK2 in the nucleus inhibits HDAC1/2 activity that leads to enhanced histone
acetylation at a specific promoter (Figure 2). This amplifies the transcription of cyclin-dependent kinase inhibitor p21 and
transcriptional regulator c-fos genes, which would likely contribute to cell growth arrest attributed to SphK2 {23174 |
conjunction with these findings, Weigert et al. /2 have demonstrated that knockdown of SphK2 could impede the
enhanced apoptotic rates in cancer cells induced by the administration of either TNF-a or staurosporine. The genetic
ablation of SphK2 suppressed the tumor growth in breast tumor xenografts (MCF-7). Contrary to the notion that SphK2
has apoptotic functions, several experimental studies have suggested an essential role of this isoenzyme in cell
proliferation and survival similar to SphK1 in cancer cells Z8IZAIEIZA %y et al. (18] demonstrated that SphK2 is up-
regulated in human osteosarcoma tissues and promotes cellular growth. Silencing of SphK2 by targeted shRNAs induces
cell apoptosis and inhibits osteosarcoma cell growth. In another study, Xun et al. 22 showed that targeting SphK2 with a
small molecule inhibitor, ABC294640, induces cell growth inhibition and apoptosis colorectal cancer cells.

Other intracellular targets of SphK2 include TERT and prohibitin. Selvam et al. [BY have shown that S1P, produced by the
activity of SphK2, binds to human telomerase reverse transcriptase (hnTERT) at the nuclear periphery in humans and mice
fibroblasts. The binding of S1P to hTERT inhibits its interaction with makorin ring finger protein 1 (MKRN1), an E3
ubiquitin ligase that tags hTERT for degradation. Thus, S1P binding to hTERT promotes telomerase stability, telomere
maintenance, cell proliferation, and tumor growth. In the mitochondria, S1P is mainly produced by SphK2 and binds with
high affinity and specificity to prohibitin 2 (PHB2), a highly conserved protein that regulates cytochrome-c oxidase
assembly and mitochondrial respiration 811,

| 3. Sphingosine-1-Phosphate and Its Receptors in the Pathophysiology

S1P acts as a second lipid messenger and regulates various physiological processes, crucial for both normal and
pathological cellular conditions such as cell proliferation, migration, inflammation, and angiogenesis. S1P exerts its effects
via binding to a family of five G-protein coupled receptors (GPCR), namely S1P receptor 1-5 (S1PR;.g) WEAB2I83] (Figyre
2). The autocrine or paracrine binding of S1P to S1P;_5 activates varieties of downstream signaling pathways that account
for its role in many pathophysiological conditions, including cancer and inflammation 4831881, Figure 3 illustrates different
downstream targets of S1PRs that are vital for tumorigenesis.

Figure 3. Role of S1P receptors in cancer. Once exported outside the cell, S1P binds and activates S1PR, g that further
stimulates receptor-bound G-proteins (G113, Gg, Gj). Subsequently, the activated G-proteins turn on diverse downstream
signaling pathways that play a crucial role in tumorigenesis. A cross-talk between various downstream targets of different
S1PRs regulating cancer progression is evident (Adapted from [,

Liu et al. [ have shown that binding S1P to S1PR1 in B cell lymphoma promotes tumor development. The inhibition of
S1PR1 expression down-regulates STAT3 function leading to halting in tumor cell survival and invasion. High S1PR1
expression is associated with poor clinical outcome and the expression of several anti-apoptotic markers in non-muscle-
invasive urothelial carcinoma 4. In another study, Liu et al. B found the up-regulation of SLPR1 expression in bladder
cancer tissues positively correlated with the density of tumor-infiltered specific regulatory T-cells in low survival rate in
bladder cancer patients.



S1PR2 has been shown to promote cell proliferation and survival in acute myeloid leukemia and induce the expression of
ezrin-radixin-moesin (ERM) proteins that encourage cell migration and invasion in cultured HelLa cells 1. Recently,
Kennedy et al. 22 found that SIPR2 promotes esophageal adenocarcinoma progression and cancer stem cell expansion
via yes-associated protein (YAP) and B-catenin activation. Contrary to these findings, Petti et al. 23 have suggested that
S1PR2 negatively correlates with the proliferation of epithelial cells in colorectal cancer. Complementing this study,
Stelling et al. 24 showed the tumor-suppressive function of S1PR2 through TGFB/TGF-B2/SMAD1 signaling axis in
diffuse large B-cell lymphoma.

S1PR3 is overexpressed in breast cancer cell lines, promoting cancer progression and reducing the overall survival rate in
breast cancer patients B85 Hirata et al. 28 established the role of S1P/S1PR3 signaling with subsequent Notch
activation in promoting tumorigenicity in aldehyde dehydrogenase-positive cancer stem cells. Moreover, they showed that
tumor development in cancer stem cells could be inhibited by administering S1IPR3 antagonist or S1IPR3 knockdown.
Recently, Shen et al. B4 found that S1IPR3 is upregulated in osteosarcoma and that S1P/S1PR3 axis promotes cell
proliferation and aerobic glycolysis in osteosarcoma cells. Furthermore, they showed a synergistic inhibitory action of
methotrexate and S1PR3 antagonist TY52156 on osteosarcoma cellular growth.

Less is known regarding the functions of SIPR4 and S1PRS5 in pathophysiology compared to other S1PRs. However, the
current findings suggest that both SIPR4 and S1PR5 are coupled to G;j and Gip3 28199100 51p/S1PR4 signaling
activates downstream targets, ERK1/2, and human epidermal growth factor receptor 2 (EGFR2) pathways, thereby
increasing tumorigenicity. A positive correlation was found between the overexpression of SIPR4 and shorter survival in
estrogen receptor (ER)-negative breast cancer patients [23l201] A recent study revealed the enhanced mitotic progression
in HeLa cells and chromosome segregation effects through S1PR5-dependent activation of the PI3K/AKT pathway 192,
S1PR5 has been implicated in potentiating cell survival in prostate cancer cells by inducing autophagy under serum-
deprived conditions 2931, |In contrast, S1IPR5 expression is down-regulated in esophageal squamous cell carcinoma than
in normal esophageal epithelium 1941 Additionally, SIPR4 and S1PRS5 play a crucial role in inflammation, often linked to
the progression of some cancers, such as colon cancer %, Overall, the downstream signaling pathways activated by

S1P through S1PR; splay central roles in regulating the cell proliferation, survival, migration, and invasion of cancer cells
[87]

Although several studies have focused on S1P signaling through S1PRs; various lines of evidence suggest the presence
of direct intracellular targets of S1P. Histone deacetylases, HDAC1 and HDAC2, were among the first identified
intracellular targets whose activity is inhibited by the binding of S1P, and accounts for the epigenetic regulation of specific
genes inside the nucleus (Figure 3) 1981731 sypsequent studies illustrated the binding of other intracellular proteins to the
S1P, such as TNF receptor-associated factor 2 (TRAF2); an E3 ubiquitin ligase that is a key mediator the NF-kB pathway
induced by inflammatory signaling molecule TNF-a 1971198 51p has also been shown to modulate the activity of B-
amyloid precursor protein cleaving enzyme 1 implicated in Alzheimer’s disease 199, |t is now well established that S1P
mediates its functions via both extracellular and intracellular signaling pathways. However, more research has to be

undertaken to unravel its intracellular targets.
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